The rapid fluorescent focus inhibition test (RFFIT) and the fluorescent antibody virus neutralization test (FAVNT) are both diagnostic tests for determining levels of rabies neutralizing antibodies. An automated method for determining fluorescence has been implemented to reduce the work time required for fluorescent visual microscopic observations. The automated method offers several advantages over conventional visual observation, such as the ability to rapidly test many samples. The antibody titers obtained with automated techniques were similar to those obtained with both the RFFIT (n ϭ 165, r ϭ 0.93, P Ͻ 0.001) and the FAVNT (n ϭ 52, r ϭ 0.99, P Ͻ 0.001).
The World Health Organization (WHO) guidelines 13 for vaccine evaluation and for serosurveillance include recommendations for the quantification of rabies virus antibodies by a virus neutralization test. Recently, the regulations established by governments of several rabies-free areas 6, 7 have changed regarding the importation of domestic carnivores from rabies-infected areas. According to the Office International des Epizooties 1 (OIE, world organization for animal health), prior to international movement, vaccinated animals must be tested for the presence of a minimum 0.5 IU/ml rabies neutralizing antibody in serum.
Since the development of a virus neutralization test in mice in 1935, 12 alternative in vitro methods for measuring neutralizing antibodies in cell culture have been described. The rapid fluorescent focus inhibition test (RFFIT) 9 and the fluorescent antibody virus neutralization test (FAVNT) 2 use a standard dose of virus for neutralization prior to the inoculation of susceptible cells. The FAVNT is performed on 96-well microtiter plates and involves a qualitative evaluation that indicates the presence or absence of fluorescence. The RFFIT is carried out in multichamber slides with the fluorescence assessed microscopically at 320ϫ magnification by the examination of 20 fields/chamber. RFFIT precision may be affected by the visual method of reading, which is laborious and requires highly trained and proficient staff. 8, 11 In the context of alternative measures for screening importation of cats and dogs, an ever increasing number of serum samples need to be tested by many Eu-ropean laboratories, who wish to minimize test error. Thus, it is becoming more necessary to automate fluorescence determination. The equipment necessary for automation consists of an inverted microscope (equipped for fluorescence microscopy) coupled with a video camera connected to image analysis software.
Here, we describe a comparative determination of rabies antibodies analyzed either by the RFFIT or FAVNT using both automated and conventional fluorescence determination methods.
Materials and methods
Samples for the RFFIT and the FAVNT. Serum samples were obtained from 47 domestic dogs that had been vaccinated against rabies, 43 unvaccinated laboratory dogs, and 165 humans vaccinated with the human diploid cell vaccine. a Sera were stored at Ϫ20 C until use and were inactivated at 56 C for 30 min before assay.
Each test included the titration of a rabies international reference serum b (WHO standard for rabies immunoglobulin) having an activity of 30 IU/ampule and diluted with sterile distilled water to 0.5 IU/ml. A negative control consisting of a pool of naive dog serum samples was included in each test.
RFFIT. The RFFIT was performed according to a previously described method. 9 Serial 4-fold dilutions of serum samples and of positive and negative controls were prepared in multichamber slides. c An equal volume (0.1 ml) of a dilution of challenge virus containing 5-50 TCID 50 was then added to each serum dilution chamber. Following an incubation period of 90 min at 37 C in a humidified incubator with 5% CO 2 , 0.2 ml of a baby hamster kidney (BHK) 21/ 13c cell suspension containing 5 ϫ 10 5 cells/ml was added. Slides were then returned to the 5% CO 2 incubator for 24 hr. Slides were stained with a fluorescein isothiocyanate (FITC)-conjugated anti-rabies serum d and examined with a microscope (320ϫ) equipped to detect FITC fluorescence. e For each dilution chamber, 20 microscopic fields were observed. The 50% end point dilutions of virus and antibody titrations were determined as previously described. 4 Antibody titer in a test serum was determined by comparison with the titer of the international reference standard.
FAVNT. The FAVNT was performed according to a previously described procedure. 2 Serial 3-fold dilutions of serum samples and of positive and negative controls were prepared in 0.1 ml volumes in 96-well microplates. Each serum dilution was added to 4 adjacent wells and serially diluted. A 0.05-ml volume of challenge virus containing 50-200 TCID 50 was added to each serum dilution well. After a 1-hr incubation period at 37 C in a humidified incubator with 5% CO 2 , 0.05 ml of a BHK 21/13s cell suspension diluted to a concentration of 4 ϫ 10 5 cells/ml was added to the wells. Microplates were then incubated for 48 hrs. The microscopic fluorescence (125ϫ) reading was qualitative (positive or negative). After examination of the total surface of each well, a minus score (no fluorescent cell) or a plus score (Ն1 fluorescent cell) was recorded. The 50% end points of antibody titrations were calculated according to the Spearman-Kärber method. 5, 10 Antibody titers expressed in IU/ml were calculated as explained above. Determinations of antibody titer were assessed.
Color image analysis software system. Color image analysis software system equipment consisted of a fluorescent inverted microscope f coupled to a video camera. g The video camera was connected by computer to image analysis software. h The microscope was equipped with a motorized stage, which was controlled by the software. The fluorescence reading of each chamber slide or well was assessed by several automated movements of the stage adjusted in such a manner that they reproduced the displacements made with the conventional observation method. For the RFFIT, the reading of each chamber slide was performed by counting 20 microscope fields (with a 20X objective and a 10X ocular); under these conditions, the measured diameter of each field was equal to the visually observed diameter of each field. For the FAVNT, the area of each microplate well was covered by 13 stage displacements (using a 20X objective and 10X ocular). The sensitivity in the green fluorescence determination was a crucial parameter of the software program. A positive result was recorded when the software was able to recognize 1 fluorescent cell per field. To reduce falsepositive readings, artifactual fluorescence (yellow) was eliminated by precisely adjusting the three main color levels (red, green, blue) from 0 to 62 steps (red: 38-40; green: 60-62; blue: 0-0). Detected fluorescent objects were duly recorded in a field database connected to a software calculator for further processing. By using the same microscope and reading conditions, determinations of antibody titers were carried out by comparing the sample titer with the international reference standard titer.
Statistical analysis. The data expressed in IU per milliliter were converted to log 10 values. Analyses were conducted using linear regression and Student's t-test at a 95% confidence level. Table 1 . 13 sera obtained from vaccinated dogs were selected with titers very near 0.5 IU/ml (0.5 IU/ml is considered by the WHO as the minimum protective antibody level). The 2 reading methods were positively correlated ( Fig. 1) . Results of 21 sera are not recorded in Fig. 1 because titers were in Ͼ 15 IU/ ml for both diagnostic methods. Antibody titers determined by visual and automated readings were highly correlated (n ϭ 52, r ϭ 0.99, P Ͻ 0.001).
Results

Comparison of FAVNT titers read automatically and visually. Rabies antibody levels of serum samples examined by both visual and automated methods are recorded in
Comparison of RFFIT titers read automatically and visually. Results obtained from 182 sera analyzed both by visual and automated methods are recorded in Table  1 . In most cases, titers designated as positive (Ն0.5 IU/ml) or negative were positively correlated (98.9%). However, 2 of 11 selected sera from vaccinees near the 0.5 IU/ml threshold were positive when read visually but negative when read by automated evaluation. For these 2 sera, visual reading gave titer values of 0.5 IU/ml and 0.63 IU/ml, whereas automated reading gave values of 0.47 IU/ml for both sera. This slight difference observed in titers for these sera can be attributed to a lower sensitivity of the automated method. However, no significant difference was found in the rabies antibody levels of tested sera for either of the 2 reading methods. The correlation between the 2 methods (n ϭ 165, r ϭ 0.93, P Ͻ 0.001) is recorded in Fig. 2 . The results of 17 sera found negative were not recorded in Fig. 2 because they were all tested as Ͻ0.23 IU/ml.
Discussion
International organizations, such as WHO and the Office International des Epizooties, have recommended in vivo or in vitro neutralization tests for the measurement of rabies seroneutralizing antibodies. The neutralization test in mice has been progressively replaced by in vitro techniques performed in cells, particularly the RFFIT. 9 Compared with the mouse test, procedures involving cell cultures are less expensive, less time consuming, and generally more sensitive and reproducible and avoid the need to use live animals. However, several studies have reported some disadvantages in the use of the RFFIT, especially in connection with microscopic fluorescence reading. The counting of 20 fields per chamber slide is labor intensive 8, 14 and requires experienced technicians. 11 Previous studies have described a neutralization technique in cells using an enzyme immunoassay instead of fluorescence; 8 however, the technique required additional steps, which made the test more time consuming. The FAVNT 2 was developed to overcome these disadvan-tages. Results from the FAVNT are compatible with both the RFFIT and the mouse neutralization technique. 3 In the FAVNT, fluorescence reading is performed as with standard virologic testing using a qualitative microscopic reading (positive or negative). The advantages of reading in this way are that the test is less tedious and more reliable. Although not a rapid method, the FAVNT is less time consuming than the RFFIT.
Because of new cross-border regulations for domestic carnivores traveling through rabies-free areas, there has been a marked increase in the number of serum samples submitted for rabies antibody level evaluation. The lengthy process associated with reading of chamber slides could reduce the precision and reliability of test results. Therefore, the automated method for reading microscopic fluorescence both for chamber slides and for microplate wells was developed.
A comparison of the automated and visual reading techniques for the RFFIT and FAVNT was carried out on naive and positive titer samples near the 0.5 IU/ml level. For the FAVNT, the data for the 2 reading methods were positively correlated. A correlation coefficient of 0.99 for titers (in IU/ml) for both reading methods was found (n ϭ 52, r ϭ 0.99, P Ͻ 0.001).
The results obtained with samples tested by RFFIT and analyzed by visual and automated methods also indicated a very close agreement (98.9%) for distinguishing positive and negative titers. A correlation analysis on titers (in IU/ml) indicated that the visual and automated readings also are highly correlated (n ϭ 165, r ϭ 0.93, P Ͻ 0.001). The automated technique is easier to optimize, in particular the FAVNT is more sensitive in green fluorescence control than the RFFIT, and the 48-hour incubation period used for the FAVNT allowed better virus replication and hence microscopic visualization of large foci of fluorescent cells. Furthermore, the FAVNT is better adapted to the dilutions and additions of products using automated microtiter equipment because the 96-well microplates can be easily automated.
The automated method has some drawbacks in a few areas, including the high price of the equipment (in particular the motorized stage and the software) and the need for both a homogeneous cell monolayer and a good quality fluorescein conjugate to avoid artifactual fluorescence. However, automated fluorescence determination offers several important advantages over conventional visual evaluation. Analyzed fluorescent images can be saved for future examination and titers (in IU/ml) are calculated directly by the software program. Furthermore, human error in reading the test is eliminated. When using the visual method to read an RFFIT, there is a risk that a field may mistakenly be read several times. With the automated reading, this error is eliminated because the displacements of the stage have been precisely controlled and are therefore identical from 1 well to another. Thus, the results obtained using automated image analysis should be more reliable and less subjective. The automation of neutralization tests allows the rapid routine testing of many samples because the automated reading is 30-40% less time consuming than is the visual examination method.
The results of this study show that automated image analysis equipment allows the measurement of fluorescence for both the RFFIT and FAVNT. The neutralizing antibody titers obtained with this method are highly correlated with the results obtained by the conventional visual reading method. In addition, automation eliminates the lack of reliability associated with human error and the fatigue associated with the microscopic examination of large numbers of sera.
